Abstract-The analytic network process (ANP) is presented as a potentially valuable method to support the selection of projects in a research and development (R&D) environment. This paper first discusses the requirements of the R&D project selection problem, which requires the allocation of resources to a set of competing and often disparate project proposals. Among the factors complicating this task is the need to make the decision within the framework of an enterprise's strategic objectives and organizational structure while considering and integrating financial and strategic benefits of each project. The paper discusses the use of the ANP, a general form of Saaty's analytic hierarchy process, as a model to evaluate the value of competing R&D project proposals. A generic ANP model developed by the authors, which includes in its decision levels the actors involved in the decision, the stages of research, categories of metrics, and individual metrics, is presented. The paper concludes with a case study describing the implementation of this model at a small high-tech company, including data based on the actual use of the decision making model. Index Terms-Analytic hierarchy process, analytic network process, multicriteria decision making, project selection, R&D management, R&D projects.
I. INTRODUCTION

F
OR MANY firms, especially those that depend on innovation to stay in business, the key to continued competitiveness lies in their ability to develop and implement new products and processes. For these organizations, research and development (R&D) is an integral function within the strategic management framework. Even firms with excellent technical skills must work within the limits of available funding and resources. R&D project selection and funding decisions, then, are critical if the organization is to stay in business. While there are many mathematical decision-making approaches proposed for this decision, literature suggests that few are actually being used. Major criticisms of these techniques include their inability to consider strategic factors and their mathematical complexity [1] , [9] , [16] .
In the current business environment of rapid change, R&D is an investment companies make in their future. Companies need tools that can help determine the optimum allocation of resources. This paper discusses the application of the analytic network process (ANP), a multiattribute approach for decision making that allows for the transformation of qualitative values into quantitative values and performing analysis on them. The ANP is a relatively simple, intuitive approach that can be accepted by managers and other decision-makers. The model presented in this paper is an intuitive approach utilizing both quantitative and qualitative assessments pertaining to the decision of which alternative should be pursued. The decision model is capable of taking into consideration multiple dimensions of information into the analysis, a powerful and necessary characteristic for any strategic evaluation.
The paper first reviews the nature of the R&D project selection problem including its nature and needs. It discusses the various criteria on which the selection decision is made and how these criteria interact. After a brief review of ANP, a multiattribute selection framework represented as an ANP model is presented. A case example using data from an application of the model at a small high-tech company is presented. The ANP strategic decision-making tool assisted the company in reaching the decision to upgrade their current system versus investing in the development of a new system. The case study helps to verify that ANP is an effective and efficient decision-making tool. As a conclusion, the paper discusses limitations and possible extensions to the model.
A. R&D Project Selection
The R&D project selection problem plays a critical function in many organizations. A review of literature reveals three major themes relating to R&D project selection: 1) the need to relate selection criteria to corporate strategies; 2) the need to consider qualitative benefits and risks of candidate projects; and 3) the need to reconcile and integrate the needs and desires of different stakeholders.
1) Relate Selection Criteria to Corporate Strategy:
During the 1980s and early 1990s, companies came to realize the strategic importance of manufacturing and operations to competitiveness. In the same way, many companies are coming to consider their R&D function as a competitive tool to be managed strategically [8] . To ensure effective decision-making, R&D strategy and planning must be tied to corporate strategy. For many organizations, R&D represents a major portion of many organizations' investments. Wrong decisions can result in the tying up of significant resources and lead to loss of strategic and market position [15] .
2) Consider Qualitative Benefits and Risks: Too often, R&D project selection is made based solely on financial criteria such as net present value (NPV) and internal rate of return (IRR). While these are important criteria, if decisions are to be managed strategically, other less easily quantifiable criteria such as market share and corporate image must be considered. R&D projects are multidimensional in nature and have risky outcomes and decisions and must consider strategic 0018-9391/02$17.00 © 2002 IEEE and multidimensional measures [15] . Among the issues related to R&D project selection discussed by Fahrni and Spatig [9] , is the degree of quantification of relevant factors. They state that R&D projects are often committed to long term activities, result in uncertain outcomes, are cost intensive, and in many cases, demand special project management.
3) Reconcile and Integrate Needs and Desires of Different Stakeholders: R&D decisions impact the entire enterprise and must be compared to other functional contributions in the enterprise. Therefore, R&D decisions must not be made in isolation or based solely on what the R&D organization feels is important [20] . R&D contributions are difficult to measure separately from other functional organizations such as manufacturing and marketing [15] . Additionally, the success of many projects depends on the buy-in and cooperation of these functions. Omitting them from the decision process can have detrimental organizational effects. Including them, however, increases the complexity and difficulty, as sometimes-conflicting agendas and objectives must somehow be resolved [19] .
Other factors complicate the decision process. Often, especially in portfolio selection situations, different projects with different impacts must be compared. There may also be overlaps, synergies, and other interactions of the projects that must be considered. R&D projects are often initiated and championed in a bottom-up manner, where engineers or scientists may advocate projects that have great technical merit. However, financial or strategic benefits of the technology may not have been considered.
II. R&D SELECTION METHODS
A number of R&D selection models and methods have been proposed in practitioner and academic literature. Reviews of many of these can be found in Baker and Freeland [4] , Martino [17] , and Henriksen and Traynor [11] . Included in the articles reviewed in their papers are those that utilize criteria and methods such as NPV, scoring models, mathematical programming models, and multiattribute approaches. Even with the number of proposed models, the R&D selection problem remains problematic and few models have gained wide acceptance. Liberatore and Titus [14] conducted an empirical study on the use of quantitative techniques for R&D project management. They found that most R&D organizations use one or more traditional financial methods for determining project returns, often in conjunction with other methods. Mathematical programming techniques such as linear and integer programming are not commonly used in industry, primarily because of the diversity of project types, resources, and criteria used. They also found that many managers do not believe that the available methods for project selection improve the quality of their decisions. These findings are supported by other researchers (see, for instance, [1] , [5] , [7] , [9] , [16] ). Among the weaknesses identified by Baker and Freeland [4] are: 1) inadequate treatment of multiple, often interrelated, criteria; 2) inadequate treatment of project interrelationships with respect to both value contribution and resource usage; 3) inadequate treatment of risk and uncertainty; 4) inability to recognize and treat nonmonetary aspects; 5) perceptions held by the R&D managers that the models are unnecessarily difficult to understand and use. These, and other weaknesses, point out the need for further research into alternate models specifically addressing the items above. In the next section, we discuss the analytic hierarchy and analytic network processes as possible approaches that address many of the mentioned weaknesses. We then develop a model using ANP as a case example to highlight its benefits.
III. AHP AND ANP
The analytic hierarchy process (AHP) for decision structuring and decision analysis was first introduced by Saaty [23] . AHP allows a set of complex issues that have an impact on an overall objective to be compared with the importance of each issue relative to its impact on the solution of the problem. Harker and Vargas [10, p. 1383] state that "AHP is a comprehensive framework which is designed to cope with the intuitive, the rational, and the irrational when we make multiobjective, multicriterion and multiactor decisions with and without certainty for any number of alternatives." While AHP is conceptually easy to use, it is decisionally robust so that it can handle the complexities of real world problems [21] . AHP models a decision-making framework that assumes a unidirectional hierarchical relationship among decision levels. The top element of the hierarchy (apex) is the overall goal for the decision model. The hierarchy decomposes to a more specific attribute until a level of manageable decision criteria is met. The hierarchy is a type of system where one group of entities influences another set of entities. Since the introduction of AHP in 1976, numerous applications have been published in literature.
The ANP is a general form of the AHP [18] . Whereas AHP models a decision making framework that assumes a unidirectional hierarchical relationship among decision levels, ANP allows for more complex interrelationships among the decision levels and attributes. Typically in AHP, the top element of the hierarchy is the overall goal for the decision model. The hierarchy decomposes from the general to a more specific attribute until a level of manageable decision criteria is met. ANP does not require this strictly hierarchical structure. Two-way arrows (or arcs) represent interdependencies among attributes and attribute levels, or if within the same level of analysis, a looped arc. The directions of the arcs signify dependence. Arcs emanate from an attribute to other attributes that may influence it. The relative importance or strength of the impacts on a given element is measured on a ratio scale similar to AHP. A priority vector may be determined by asking the decision maker for a numerical weight directly, but there may be less consistency, since part of the process of decomposing the hierarchy is to provide better definitions of higher level attributes. The ANP approach is capable of handling interdependence among elements by obtaining the composite weights through the development of a "supermatrix." Saaty [21] explains the supermatrix concept as a parallel to the Markov chain process. The supermatrix development is shown in the next section.
A. Applications of AHP to R&D
The use of ANP presented in this paper represents a novel approach to R&D project selection not currently seen in litera-ture. However, examples of AHP in R&D selection and the successful application of ANP in related domains lend credibility to the model being presented. This section presents some related works from literature.
Lee and Kim [12] , [13] used ANP to facilitate an information system project selection problem made more complex due to the need to consider the interdependencies among criteria and candidate projects. ANP was also used successfully for the selection of various project alternatives in an agile manufacturing process [18] . However, the above applications do not address R&D specifically. While applying ANP to R&D situations is relatively new, there are several researchers who discuss the successful use of AHP in this environment. Liberatore [15] used AHP in conjunction with cost-benefit analysis and integer programming for project selection and resource allocation. A decision hierarchy is developed with "Future of the Firm" as the top-level goal. Supporting this are several levels linking the goal to a set of individual decision criteria. Individual projects are evaluated using weights developed for the criteria. Rather than taking the simple approaches of funding in descending order of priorities or allocating funds in proportion to normalized priorities, they use 0-1 integer programming to maximize the total priority over all funded projects, subject to a budgetary constraint and other restrictions. Liberatore concludes that the AHP is a promising approach for R&D project selection.
Brenner [6] , in a practitioner-oriented paper, presents the application of AHP for project prioritization. His model incorporates strategic, customer/market, product, company, and competitor factors in the analysis. Specific criteria within these categories are developed and weighted. Projects are then compared against the rating criteria to select projects and develop a portfolio. Lockett et al. [16] applied AHP to selection of a research portfolio, in this case within the pharmaceutical industry. They state that one of the main values of AHP approach is in allowing participants to investigate their own preferences and compare them with that of others, thereby helping to gain the consensus that comes from understanding the decision making process and variables. Alidi [2] discusses the use of AHP as a decision making approach incorporating qualitative and quantitative aspects to measure the initial viability of industrial projects. Like the other authors cited here, he states that among the advantages of AHP are its ease of use, intuitiveness, and consensus building. Al-Harbi [3] applies AHP to project management and incorporates the group decision-making aspects to make the pairwise comparisons. AHP is becoming increasingly accepted by practitioners and commercial software is available to simplify the implementation steps.
While all of these papers provide valuable decision models and support the applicability of AHP to R&D selection, the use of AHP means that the models are still lacking in that they do not consider important interactions among and between decision-making levels. In the following section, we present a model using ANP which extends the work discussed to allow for the explicit consideration of interactions in the decision making process, while still maintaining the aforementioned advantages of AHP. 
IV. PROPOSED MODEL AND APPROACH
In this section, we introduce an ANP model and its development to show how ANP can be used in the R&D environment. It is acknowledged that each organization will have its own set of criteria and that the model for a particular enterprise may use other levels and criteria. Our attempt here is to present a generalized model based on factors and criteria mentioned from the literature that could then be adapted or extended to support a particular situation or organization.
A. Case Study Company
The model was developed and validated with the input of a small high-tech company in the southwestern part of the United States. The company designs and manufactures high-speed variable data printing presses for the printing industry. At the time of the model, the company was trying to decide between two development options to address the demand of the marketplace. The options were to develop a brand new system or upgrade the speed of a current model. While the new system offered the potential for better performance, this had to be offset against the risks and costs involved with developing the technology necessary for its development. Due to funding and resource constraints, only one option could be pursued. Once a decision was made, the company was committed to pursuing that course of action. The decision was strategic in that the success of the development would bear greatly on the continued competitiveness of the company.
B. Decision Model
The first step is to construct a model to be evaluated. This example uses the factors discussed earlier to develop a model that explicitly considers many of the R&D selection issues found in literature and practice. The model is summarized in Fig. 1 . The relevant criteria and alternatives are structured in the form of a hierarchy. More "strategic" decisions are shown higher in the hierarchy. The topmost elements are decomposed into subcomponents and attributes. The model development requires the development of attributes at each level and a definition of their relationships. In this example, the only interdependence or feedback occurs between all of the actors (or stakeholders) in the decision and all phases of the project as shown by the two headed arrow. In this case, the three actors of "management, marketing, and technologist" all may have some degree of interdependence with the three basic phases of research, "basic, applied, and development". The other single arrows indicate a one-way relationship.
The topmost or overall goal is to pick the best project. We are seeking to determine which of several alternatives (shown at the bottom of the hierarchy) would best support the realization of this goal. Since we cannot directly assess the alternatives versus the goal, the intermediate levels of the hierarchy are developed.
1) Project Phase:
In this model, the first level below the goal is the development phase that each alternative may pass through. The literature discusses the need to consider different phases because the importance of various criteria may be different based on the phase or level of maturity of projects [1] , [8] , [17] . Additionally, at different phases of the project, different actors (decision makers) will have different views and influence in the selection process. The purpose of including this level is to account for and integrate the decision-making criteria and actors across the phases of development. For this model, three phases are used: a) Basic Research: The goal of basic research is to gain increased understanding about a particular technology. The research may concern some technology with the aim of improving an existing product or process or may be investigated with the possibility of leading to new products or processes. Often, the research is conducted simply for the sake of understanding a particular technology. This phase may emphasize paper studies, surveys of technical literature, identification of existing or new possible processes or products and their adaptation to local conditions patent surveys, preliminary lab studies, and preliminary economic evaluation. b) Applied Research: As research moves from basic to applied, an increased product orientation is seen. The technology is investigated with the expressed purpose of applying it to existing or new products and processes [17] . This phase includes laboratory research directed to defining the technological characteristics of the new process or product and feasibility, market and economic studies [8] . c) Development: In this phase, the relatively proven technology is applied to a product or process for implementation. Design issues become the focus in this phase.
2) Categories of Measures and Specific Measures: Different authors use different categorizations of measures (or criteria)
. The categories and specific measures used for this model are adapted from several sources including [6] , [15] - [17] . A three-category approach is used as shown in the following discussion. Relevant measures within each are also presented, with the qualification that many more measures could be identified. Our goal in this discussion is to present what we find to be the most prevalent and meaningful measures for this case study. a) Technical: factors related to the project itself and the technology being investigated. Specific measures include: i) probability of technical success (TechSuc); ii) existence of project champion (ProjChm); iii) existence of required competence (Comptnc); iv) availability of available resources (Resource); v) applicability to other products and processes (TechPerv); vi) time to market (TimeMkt). b) Market: factors related to the success of the technology and its associated products as related to commercial and marketing. Specific measures include: i) probability of market success of product (MktSuc); ii) potential size of market (MktSize); iii) product life cycle (LifeCyc); iv) number and strength of competitors (Comptor); v) net present value (NPV). c) Organizational: includes internal and external cultural and political factors that might influence the decision. i) strategic fit (StratFit); ii) external regulations (ExtReg); iii) workplace safety (WrkSafe); iv) environmental considerations (Environ).
3) Actors:
Another set of elements to consider are the individuals or groups who will participate in making the decision or will be affected by the decision. Four common stakeholders in R&D project decisions are management, marketing, manufacturing, and technologists. Due to the nature of the company under study in the case study presented here, the manufacturing and technologist actors are combined in the model shown. Each of these constituencies brings particular needs and desires into the decision. These needs must be reconciled into a consensus. This consensus is necessary as all parties can contribute to the success or failure of the decision.
C. Pairwise Comparisons
Eliciting preferences of various components and attributes requires a series of pairwise comparisons where the decision maker will compare two components at a time with respect to an upper level "control" criterion. In the case study, the components of Phase of Research are "basic, applied and development." In ANP, like AHP, pairwise comparisons of the elements in each level are conducted with respect to their relative importance toward their control criterion. Saaty [22] has suggested a scale of 1 to 9 when comparing two components, with a score of 1 representing indifference between the two components and 9 being overwhelming dominance of the component under consideration (row component in the matrix) over the comparison component (column component in the matrix). In our example, if a component has some level of weaker impact the range of scores will be from 1 to , where 1 represents indifference and being an overwhelming dominance by a column element over the row element. When scoring is conducted for a pair, a reciprocal value is automatically assigned to the reverse Once the pairwise comparisons are completed, the local priority vector (defined as the eVector in the example figures) is computed as the unique solution to (1) where is the largest eigenvalue of . Saaty [22] provides several algorithms for approximating . In this paper, a twostage algorithm that involved forming a new matrix by dividing each element in a column by the sum of the column elements and then summing the elements in each row of the resultant matrix and dividing by the elements in the row. This is referred to as the process of averaging over normalized columns. This is represented as (2) where weighted priority for component ; index number of columns (components); index number of rows (components). In the assessment process, a problem may occur in the transitivity or consistency of the pairwise comparisons. For an explanation on inconsistencies in relationships and their calculations see Saaty [22] . It is assumed that the pairwise comparisons are consistent in these examples.
An example of the pairwise comparison matrix within the Basic stage of research is shown in Table I . The weightings are obtained from the decision maker by asking a series of comparison questions. For this matrix in Table I, . This pairwise comparison approach is used to populate the matrix. The weighted priorities for this matrix are shown as the last column in Table I (labeled  eVector) . In this stage of research, the Marketing category was given the highest rating (0.708). In this company, even at early stages of research, marketing factors are the most important in determining whether a project proceeds or not (probably not an unusual or unreasonable situation). To complete the categories within the stage analysis, two other matrices are developed, one each for the Applied Research and Development stages. In this case study, the Marketing category was considered most important in all stages, although with varying degrees of importance.
1) Interdependent Components:
Interdependence occurs when the direction of influence of components at two levels is not unidirectional. With interdependence, components at one level influence and at same time are influenced by components at another level. Within this example interdependence occurs between the stage of the project and the actors, as shown by the dual arrows in Fig. 1 . The stage of the project influences the actors in how they regard the importance or desirability of a particular project and how highly they would weight particular measures. The measures preferred by an actor will probably be weighted differently as the project matures. Similarly, the power that a particular actor plays in the decision is influenced by the stage of the project. For example, Technologists would probably have more influence over determining the desirability of a project in the early stages of development, while Marketing might gain increasing importance as the technology comes closer to market. The relative importance of the actors with respect to a specific project stage (i.e., Applied Research to Development) is first determined. A pairwise comparison matrix is required for each of the three major stages of the research project stages for calculation of impacts by each of the actors. In addition, three pairwise comparison matrices are needed to be determined for calculation of the relative impacts of the actors by each stage of project. To fully describe these two-way relationships, six pairwise comparison matrices are required. An example of one of these matrices (Actors within Stage) is shown in Table II . In this case, the assumption that the Technologist would have the most importance in early stages of development is confirmed. The Marketing actor became the most important actor in the later stages.
ANP uses the formation of a supermatrix to allow for the resolution of the effects of the interdependence that exists between the elements of the system. The supermatrix is a partitioned matrix, where each submatrix is composed of a set of relationships between two levels in the graphical model. In the model developed for the R & D project selection the interdependence between the stages of research and the actors is resolved in the following supermatrix shown in Table III . The values shown are the weighted priorities from the six pairwise comparisons involved. For instance, note that the priorities from Table II are  shown in the first column of Table III. Raising the supermatrix to the power 2 1, where is an arbitrarily large number, allows convergence of the interdependent relationships between the stages of research and actors. In the case study, convergence occurred at . The "long term" stable weighted values to be used in the analysis are shown in Table IV .
D. Analyze Measures
In this illustration, no interdependence between the actors and the measures is assumed to exist. Similar pairwise comparisons to those made earlier are conducted for the measures relative to the actor to determine their relative importance weight calculation (or eigenvector determination). There are three separate pairwise comparison matrices (technical, market, and organizational) that have to be developed for this step in the analysis. Table V shows one of those matrices. In this case, the importance or applicability of technical metrics is compared against each other. For the company in question, all of the metrics with the exception of the presence of a project champion were found to be fairly close to each other in importance. The lack of significance for the Project Champion can probably be attributed to the small size of the company. 
E. Best Project Selection
In the small company case study conducted to validate the model the decision maker was trying to determine which of two alternatives (developing a new system or upgrading the printing speed of a current model) would best meet the company's needs. Each alternative had to be evaluated with regard to each measure. Therefore 15 more pairwise comparison matrices were developed. In this set of comparisons, the two alternatives are compared against each other for each measure. Table  VI shows the comparison for the Time to Market measure. Basically, the question asked is "In regard to Time to Market, how well does the new system perform compared to the upgrade?" The upgrade option is seen to very strongly dominate the new system option.
The selection of the best alternative depends on the calculation of the "desirability index" for an alternative . The equation for is defined by where relative importance weight of the each category of metric; relative importance weight for each measure; relative importance weight for a given alternative for a measure. The alternative with the largest desirability index should be the one selected. As shown in Table VII, in the case study, the results of the project alternatives point to the selection of upgrading the current system due to a desirability index of 0.483 which was larger than the desirability index of creating a new ink jet system with a desirability index of 0.173. A spreadsheet application was used for this calculation. 
V. CONCLUSION AND FUTURE DIRECTIONS
The purpose of this paper was to present a method for R&D project selection that allows for the consideration of important interactions among decision levels and criteria. The methodology uses the ANP for this evaluation. A model of the R&D project selection process developed from literature and adapted for a small high-tech company was presented. The company acted as a case study for validation of the model and approach. The paper provides value to practitioners by providing a generic model for project selection and to researchers by demonstrating a new and novel application of ANP.
This strategic decision making tool assisted the company in comparing the R&D question of upgrading their current system or investing in the development of a new system. The model suggested an upgrade of the current system which is the option that the company pursued. The case study helps to verify that ANP is an effective and efficient decision-making tool. The company and decision-maker involved in the case study were generally pleased with the approach.
While we believe that the model presented provides value, there are areas for future enhancements and validation. The model provided is meant to be a generic model applicable across different enterprises and projects. It is acknowledged that the decision levels involved in any particular implementation would be different depending on the enterprise involved. Indeed, this is one of the strengths of AHP and ANP: the ability to adapt a basic framework to a particular situation. Each application can have defined for it a set of criteria deemed important for that application. A decision criterion that a company considers to be crucial can easily be added to the generic model. Also, the weighting given each component in the model is dependent on the decision maker(s) evaluating the component. This helps facilitate the tailoring of the model to the enterprise in question. For example, an enterprise stressing competitive advantage through innovation would likely end up with criteria and weighting different from an enterprise seeking to compete as a low cost provider of proven technology.
On the other hand, the model did not consider all possible factors and criteria. Again, depending on the decision environment, additional factors could be added. Possible extensions in this area currently being explored include the explicit consideration of strategies and weighting of these strategies in the model. Future work could look at different models to validate and compare their efficacy.
The model considers as one of its decision levels the stages of development. As such, the decision becomes essentially a portfolio approach, a one-time allocation of resources to a set of possible projects, considering the entire life cycle of each project. R&D project decisions, however, are often conducted in a sequential, iterative manner. We believe the model could be adapted to such an environment by eliminating the effect of this decision level.
The model used in the case study also did not consider all possible interactions. Additional interactions between and within decision levels could have been included. For instance, currently only a one way influence between actors and categories of metrics is included. The interaction could be modeled as a two-way interaction in the same way that the interaction between phases and actors was considered. Perhaps a more interesting and useful extension of the model is to include interactions within a level, such as the interactions of individual measures or alternatives on each other. In a recent paper, Lee and Kim [12] use ANP in conjunction with goal programming to analyze interdependencies among candidate information systems project. A similar approach could be added to our model to consider interdependencies among R&D projects in a portfolio selection environment, where synergies and overlaps among projects in a portfolio could be more considered.
One of the limitations of the ANP is the dependency on the decision maker. The weightings obtained are based on the decision maker's subjective opinion. The decision maker must also be at a strategic level in the company, so as to realize the importance of all aspects, such as marketing and technology. Enhancements can be made to overcome the limitations of having one decision maker. Consensus of relevant information (via Delphi approach or averaging) can be embedded in the preference weightings.
Another possible enhancement to the model is the addition of a feedback loop for regret factor or a disappointment factor. This would be a way to analyze the validity of the model. If the model consistently performs with a low regret or disappointment factor, it could then be rendered as an even more beneficial decision-making tool.
